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E-mail address: Karel.Riha@gmi.oeaw.ac.at (K. RihTelomeres are essential structures at the ends of eukaryotic chromosomes. Work on their structure
and function began almost 70 years ago in plants and ﬂies, continued through the Nobel Prize win-
ning work on yeast and ciliates, and goes on today in many model and non-model organisms. The
basic molecular mechanisms of telomeres are highly conserved throughout evolution, and our cur-
rent understanding of how telomeres function is a conglomeration of insights gained from many
different species. This review will compare the current knowledge of telomeres in plants with other
organisms, with special focus on the functional length of telomeric DNA, the search for TRF homo-
logs, the family of POT1 proteins, and the recent discovery of members of the CST complex.
 2010 Federation of European Biochemical Societies. Published by Elsevier B.V.1. Introduction
Telomeres form the ends of linear eukaryotic chromosomes,
providing them with properties that are essential for long term
genome stability. Telomeres play a dual role in the maintenance
of linear genomes. First, their unique mode of replication, which
involves the highly specialized enzyme telomerase, provides a
solution to the so-called end replication problem, the inability of
polymerases to fully synthesize 50 ends of DNA. Second, telomeres
shield the natural chromosome ends from DNA damage recogni-
tion machinery which normally responds to DNA breaks occurring
within the chromosome. Owing to the evolutionary conservation of
the telomere–telomerase machinery, telomere research has bene-
ﬁted tremendously from studies in highly diverged organisms. In
fact, this ﬁeld of research is one of the remarkable examples where
studies in model organisms representing all the major branches of
the tree of life are combined to gain understanding of the func-
tional mechanisms and evolution of a fundamental molecular ma-
chine. While telomeres are most extensively studied in protozoan
ciliates, yeast, mouse and human cell lines, other systems such as
fruit ﬂies, worms and Arabidopsis have also provided important in-
sights. Plants hold some remarkable ﬁrsts in telomere biology: the
ﬁrst evidence for the existence of telomerase activity in the form of
chromosome healing by McClintock in the 40s [1], the ﬁrst cloning
of higher eukaryotic telomeric DNA by Richards in the late 80s [2],
and, along with humans, the identiﬁcation of CTC1 last year [3].al Societies. Published by Elsevier
a).This review aims to summarize recent progress in understanding
how telomeres work in plants as compared to other organisms
by discussing individual components of telomeric chromatin.
2. Telomeric DNA
At the sequence level, canonical telomeres are composed of
simple repeats of a G-rich sequence that, depending on the organ-
ism, extend for tens of basepairs to as much as 150 kilobasepairs.
The sequence repeat varies surprisingly little between organisms
from diverse kingdoms. The strong conservation of telomeric re-
peats is likely a result of the interaction between telomeric DNA
and telomere-speciﬁc binding proteins (discussed below). In verte-
brates, the telomeric repeat is TTAGGG while most plants, with
several notable exceptions, have TTTAGGG repeats [4,5]. In the
model algae Chlamydomonas, telomeres are TTTTAGGG [6], and
several plants, including onion and a few species of the Solanaceae
family, lack canonical repeats; the exact structure of telomeres in
these plants remains unknown [7,8]. Interestingly, in a phyloge-
netic clade of Asparagales that consists of 6300 species, a single
nucleotide change occurred in the canonical plant telomere se-
quence causing a switch to the human TTAGGG sequence [5]. This
was likely caused by a mutation altering the RNA template subunit
of telomerase, and this event is dated to 80 Mya [9].
In plants as well as in other organisms, the G-rich strand at the
30 end of the chromosome is longer than the C strand, forming a 30
G-overhang. Interestingly, early experiments suggested that G-
overhangs exist on only a portion of the telomeres within a plant
[10]. Thus, alternative end-structures may be present in plants,B.V. Open access under CC BY-NC-ND license. 
J.M. Watson, K. Riha / FEBS Letters 584 (2010) 3752–3759 3753as has recently been demonstrated in Ceanorhabditis elegans [11].
The G-overhang is important for forming a tertiary structure
termed the t-loop, where the G-overhang folds back and invades
duplex telomeric DNA, effectively hiding the end of the chromo-
some. T-Loops have been observed in humans, protozoans, and
plants, but so far have not been demonstrated in yeast [12–14].
While the variation in telomere length varies by three orders of
magnitude between species, each species maintains its telomeres
within a narrower size range. Despite this, it is clear from numer-
ous studies that telomeres continue to be functional at lengths
much below the size of a species’ wild type minima. A major ques-
tion remaining in telomere biology is what is the actual minimal
length at which telomeres are still functional? Two primary ap-
proaches have been employed in attempts to deﬁne the minimal
functional length: PCR based measurements of the shortest telo-
meres in telomerase deﬁcient cells, and analysis of the number
of telomere repeats recovered in cloned telomeric fusion events
[15,16]. The logic behind these techniques is that once a telomere
reaches a length that is no longer functional, it will be recruited
into a fusion, and no longer be ampliﬁed by PCR. Conversely, the
size of the shortest functional telomeres should be close to the size
of the longest array of telomeric repeats retained at fusion junc-
tions. Experiments in Arabidopsis showed that the shortest telo-
meres detected from late generation tert plants were
approximately 350 bp; the absolute shortest telomere detected
was 260 bp. Complementary analysis of sequences at fusion junc-
tions revealed that the amount of telomeric DNA ranged from
120 bp to 450 bp, with an average of 260 bp [15]. These data sug-
gest that the minimal amount of telomeric DNA required for pro-
tection from chromosome end-to-end fusion is within the range
of 260–450 nt. Further work indicated that the ﬁrst telomeric fu-
sions became detectable when the shortest telomere within a plant
dips below 1 kb, suggesting that Arabidopsis has an approximately
500 bp range within which telomeres are metastable [17].
Similar studies have also been performed in human cells. Xu
and Blackburn discovered that a signiﬁcant fraction of telomeres
in some telomerase positive human cancers have extremely short
telomeres termed T-stumps, which range in size from 90 to
300 bp [18]. These data suggest that in the presence of telomerase,
t-stumps do not trigger a senescence signal, implying that telome-
rase itself may provide a protective function independent of its cat-
alytic activity. Telomere length and the structure of fusion
junctions were also studied in telomerase negative ﬁbroblasts
transformed with HPV which abrogates p53 and Rb function [16].
In these cells, the XpYp and 17p telomeres shortened to a minimal
length of 54 and 18 bp, respectively. In contrast to an average of
260 bp of telomeric DNA retained at fusion junctions in Arabidop-
sis, the largest block of telomeric DNA retained in these cells was
only 78 bp. Thus, while the minimal functional length is estimated
to be 260–450 bp in Arabidopsis, in humans it is suggested to be
below 100 bp. It was proposed that the minimal length in Arabid-
opsis reﬂected requirements to form a t-loop [15], while in humans
the minimal length appears to be the shortest amount of DNA
needed to bind TRF1 and TRF2 [16]. Besides the difference in spe-
cies, there are two key differences that must be considered for
these studies, namely, the presence of telomerase and the status
of checkpoint pathways. In the Arabidopsis studies, telomerase
was absent and checkpoints should have been intact. The studies
in humans covered a broader range of conditions, but the only sit-
uation mirroring Arabidopsis tert mutants are primary untrans-
formed ﬁbroblasts, which, without further manipulation, are
destined to enter senescence in response to dysfunctional telo-
meres. In the presence of telomerase, these short telomeres are still
present, but do not lead to senescence [18]. Also, in the absence of
checkpoint machinery, these telomeres are stable and are not re-
cruited into fusions [16]. Thus, the functional length may be differ-ent depending on the presence of telomerase and checkpoint
machinery.3. Plant telomerase and its regulation
Composition of the plant telomerase holoenzyme appears to be
similar to vertebrate telomerase. Genes encoding telomerase re-
verse transcriptase (TERT) can readily be identiﬁed in plant gen-
omes, and they are more related to the TERTs of vertebrates than
to those in yeast and ciliates [19–21]. Rapid divergence of the
RNA subunit (TR) of telomerase precluded their in silico identiﬁca-
tion in plant genomes, but biochemical puriﬁcation of Arabidopsis
telomerase led to the recent discovery of two functional TRs in Ara-
bidopsis (D. Shippen, personal communication). This breakthrough
ﬁnding is expected to facilitate cloning of TR genes in other plant
species as well.
Dyskerin is another conserved member of the telomerase holo-
enzyme that is shared in vertebrates and Arabidopsis. Dyskerin is a
member of the H/ACA snoRNP gene family which have important
functions in rRNA processing and production. It binds the H/ACA
box of human TR and is involved in TR processing and stabilization
[22]. Mutations in human dyskerin cause dyskeratosis congenita, a
genetic disorder associated with aberrant telomere maintenance
and reduced levels of hTR [23]. In Arabidopsis, dyskerin is also
associated with telomerase in an RNA dependent manner and it
interacts speciﬁcally with POT1A [24]. Arabidopsis dyskerin is an
essential gene, but introduction of one of the mutations causing
dyskeratosis congenita results in decreased telomerase activity
in vitro and leads to short but stable telomeres in vivo. This, to-
gether with the observation that dyskerin and TERT co-localize in
the nucleolus, suggests that similar processes may govern telome-
rase maturation in Arabidopsis and vertebrates.
Similar to it’s activity in humans, telomerase activity in plants is
restricted to highly proliferative tissues and the germline [25–27].
Furthermore, studies in tobacco cell culture have shown that telo-
merase activity is regulated in a cell cycle dependent manner with
a peak level in S-phase. This regulation is potentiated by the plant
hormone auxin and antagonized by another phytohormone, absci-
sic acid [28,29].
In Arabidopsis, telomerase regulation appears to be achieved
primarily at the level of transcription of TERT, as transcripts are
undetectable in tissues lacking telomerase activity [19,20]. Further
molecular insights into pathways regulating TERT expression have
been uncovered in Arabidopsis. A genetic screen of activation tag
lines led to the identiﬁcation of a zinc-ﬁnger transcription factor,
TAC1, whose overexpression results in ectopic telomerase activity
in leaves [30]. Interestingly, TAC1 appears to also be involved in
auxin signaling. TAC1 does not directly bind the TERT promoter,
but instead binds to and activates the promoter of BT2, a calmod-
ulin binding protein [31]. Overexpression of BT2 is itself sufﬁcient
for activating telomerase activity in leaves, and increased levels of
calcium are able to overcome the requirement for wild type levels
of auxin in TAC1 mediated regulation of telomerase. It is currently
unclear how the TAC1/BT2 pathway activates TERT expression and
which transcription factors are directly recruited to the TERT
promoter.
While the proﬁle of telomerase activity in rice is similar, tran-
scription does not appear to be the major regulatory mechanism.
Multiple splice variants of the rice TERT gene are present in all tis-
sues, but the correlation of particular splice variants with telome-
rase activity is disputed [32,33]. Splice variants have also been
detected in Arabidopsis. A truncated splice variant of AtTERT is able
to interact with AtPOT1A, which may represent an additional form
of regulation through protein–protein interactions of the truncated
TERT protein [34].
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complicated, likely involving multiple proteins and a negative
feedback loop such as the protein counting mechanism discovered
in yeast [35]. Similar to other organisms, telomerase in Arabidopsis
has a preference for elongating shorter telomeres within a plant
[36,37]. While some of the molecular details of this pathway have
been elucidated in yeast, little is known in higher eukaryotes. Est1p
from yeast is a telomerase holoenzyme component involved in
recruiting telomerase to telomeres. In higher eukaryotes, EST1
homologs are primarily involved in the nonsense-mediated RNA
decay (NMD) pathway [38]. Although downregulation of human
EST1 homologs (SMG6, SMG5) have telomere maintenance pheno-
types, these are caused by insufﬁcient decay of telomeric tran-
scripts [39]. Two EST1 homologs have also been identiﬁed in
Arabidopsis (SMG7, SMG7L), and while their deﬁciency leads to
interesting developmental defects, they have no apparent role in
telomere biology [40]. Interestingly, an Est1-like phenotype was
recently described in Arabidopsis plants with a mutation in one
of the POT1 homologs (discussed below) indicating that plants
may utilize a different machinery for telomerase recruitment to
telomeres [41].
4. The search for plant shelterin components
The regulation of telomere synthesis by telomerase and protec-
tion of the chromosome end are implemented through the com-
bined action of numerous proteins that associate with telomeres.
The key elements of telomeric chromatin are speciﬁc duplex telo-
mere binding proteins that nucleate the assembly of additional pro-
teins. The bulk of telomeric DNA in mammals is coated with a six-
protein complex called shelterin [42]. The speciﬁc binding of shel-
terin to telomeres is mediated by TRF1 and TRF2. TIN1 fulﬁls a
bridging function in the shelterin complex as it binds to TRF1 and
TRF2 and recruits TPP1 and POT1. The last component of shelterin
is RAP1 which associates with telomeres via an interaction with
TRF2 [43]. Shelterin is assumed to exist in different sub-stochiomet-
ric complexes that recruit a number of other proteins to telomeres.
These shelterin accessory factors mainly consist of proteins in-
volved inDNAdamage response and repair [44]. Themajor telomere
binding complex in Saccharomyces cerevisiae is very different; the
only component of shelterin present in S. cerevisiae is Rap1p. In con-
trast to mammals, Rap1p directly binds to duplex telomeric DNA.
The C-terminal domain of Rap1p recruits either Rif1p and Rif2p,
proteins that regulate telomerase activity, or Sir3p and Sir4p, pro-
teins that promote heterochromatin assembly in telomere adjacent
regions [45]. The differences between telomere constituents in
mammals and budding yeast indicated a relatively rapid evolution
of the major telomere binding complex. However, the telomere-
binding complex in ﬁssion yeast appears to be functionally and
structurally equivalent to mammalian shelterin [46,47]. This com-
plex is tethered to telomeric DNA via the Taz1 protein which shares
homologywith TRF1 and TRF2. Thus, the composition of the shelter-
in complex may be more conserved than was originally hypothe-
sized. This idea is further fuelled by the presence of the TRF1/
TRF2/Taz1 related protein Tbp1 in S. cerevisiae. Although Tbp1p
does not appear to play a role at telomeres, it has a binding afﬁnity
to human type telomeric DNA. Thus, Tbp1pmay represent a relict of
the original shelterin-like complex in budding yeast.
The high degree of conservation between plant and vertebrate
telomeric sequences predicts the existence of a shelterin-like com-
plex in plants. However, the functional counterparts of telomere-
binding proteins such as TRF1/TRF2 have not yet been identiﬁed.
The search for these proteins is impeded by the presence of a short
telomeric sequence, TTAGGGTTT, in the promoters of many plant
genes [48,49]. Although numerous plant proteins with in vitro
telomeric DNA binding activity have been characterized, many ofthem do not appear to act at telomeres, and may rather represent
transcription factors [50]. Two strategies have been employed to
identify plant telomere binding proteins. The ﬁrst strategy utilizes
identiﬁcation of proteins based on their afﬁnity to telomeric DNA.
Biochemical puriﬁcation of protein complexes that bind to single-
stranded (ss) telomeric DNA led to the identiﬁcation of the GTBP1
protein in tobacco and the STEP1 protein in Arabidopsis [51,52].
Both proteins contain conserved RNA binding motifs and it is cur-
rently unclear whether they play any role in telomere metabolism.
A protein with afﬁnity to duplex telomeric DNA was found by
Southwestern screening of an Arabidopsis expression library [49].
The protein is homologous to mammalian Pura, which is a ubiqui-
tous multifunctional protein involved in transcription, translation
and DNA replication [53]. AtPura interacts with the transcriptional
regulators E2F and TCP20 and it was suggested to regulate tran-
scription of promoters with telomeric motifs [54,55]. The function
of AtPura at telomeres has not been examined.
The second strategy is based on in silico searches for proteins
harboring a Myb/SANT domain that is conserved in TRF1, TRF2,
Taz1 and Tbp1p. The characteristic feature of this protein family
is a consensus sequence, VDLKDKWRT, in the third helix of the
Myb/SANT domain that mediates telomeric sequence-speciﬁc con-
tacts in the DNA major groove [56,57]. Three classes of proteins
carrying the single Myb/SANT domain have been identiﬁed in
plants. The so called SMH (single myb histone) family is repre-
sented by rather small proteins (30–35 kDa) that contain the
Myb/SANT domain at the N-terminus [58]. The Arabidopsis gen-
ome encodes at least three SMH-like proteins (AtTRB1-3), while
ﬁve SMH proteins have been identiﬁed in maize. Although the
SMH-like proteins speciﬁcally bind telomeric DNA in vitro, there
is so far no functional evidence for their role at telomeres.
In addition to the SMH-like family, a survey of the Arabidopsis
genome revealed 12 other proteins carrying a single Myb/SANT do-
main [59]. These proteins contain the Myb/SANTmotif at the C-ter-
minus, and therefore are referred to as TRF-like (TRFL) proteins.
The TRFL proteins can further be divided into two groups. The fam-
ily II proteins (TRFL3, 5, 6, 7, 8, 10) do not form homodimers and
fail to bind telomeric DNA in vitro [59]. The second group of pro-
teins (family I) consists, in Arabidopsis, of six closely related pro-
teins (TBP1, TRP1, TRFL1, TRFL2, TRFL4 and TRFL9) [59–61].
Homologous proteins have also been identiﬁed in rice (RTBP1)
and tobacco (NgTRF1) [62,63]. Characteristic features of this family
are a ubiquitin-like domain in the central region and a 40 amino
acid extension of the Myb/SANT domain at the C-terminus. The
family I proteins form homodimers and all of them bind duplex
telomeric DNA in gel-shift assays. Interestingly, the Myb extension
motif is absolutely essential for in vitro DNA binding. Deletion of
the C-terminal extension abolishes DNA binding of AtTRFL1, while
its heterologous fusion to the Myb domain of AtTRFL3 (family II
protein) was sufﬁcient to confer afﬁnity to plant telomeric DNA
[59]. Structural studies of AtTRP1, NgTRF1 and RTBP1 revealed that
the extension domain forms a helix that stabilizes the three helix
bundle of the Myb/SANT domain (Fig. 1) [64–66]. Comparison of
NgTRF1 and human TRF1 structures showed that recognition of
telomeric sequences is well conserved. Most of the speciﬁc interac-
tions are mediated by the third helix of the Myb/SANT domain
with bases located in the major groove of the DNA helix (Fig. 1).
The extension domain provides an additional interaction with
the minor groove that is likely responsible for speciﬁc binding to
plant telomeric DNA (TTTAGGG) (Fig. 1) [64,66].
Although the family I TRFL proteins are capable of binding telo-
meric DNA in vitro, examination of Arabidopsis mutant lines deﬁ-
cient for either TRFL1, 2 or 4 did not reveal any phenotype
expected to be associated with altered telomere metabolism [59].
Disruption of AtTBP1 leads to gradual telomere lengthening from
2–4 kb to 10 kb [67]. No other phenotypes were associated with
Fig. 1. Structural comparison of the DNA binding domains of NgTRF1 in green and
human TRF1 in yellow. Circled in red is the loop between helix 3 and 4 which
directly contacts the DNA minor groove and provides binding speciﬁcity to the
plant telomeric sequence TTTAGGG. Reprinted from Ko et al. (2008) Nucl. Acids Res.
36, 2739–2755 with permission from Oxford University Press.
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lengthening was also observed in tobacco cell lines in which
NgTRF1 was downregulated by siRNA. Furthermore, overexpres-
sion of NgTRF1 in tobacco cells resulted in telomere shortening,
gradual retardation of proliferation and elevated cell death after
prolonged cultivation [68]. It was not reported whether the cell
growth defects were associated with telomere dysfunction. Disrup-
tion of the RTBP1 gene in rice also led to telomere elongation. How-
ever, the rtbp1 plants also exhibited growth defects and reduced
fertility [69]. These phenotypes progressively worsened in subse-
quent generations and their severity correlated with an increasing
frequency of anaphase bridges in meiotic cells. This suggests that
aberrant telomere maintenance may be the underlying cause of
the growth retardation associated with the rtbp1 mutation. Gene
redundancy is a likely explanation for the less severe phenotypes
in Arabidopsis than in rice. While the rice genome encodes only
two family I TRFL proteins, the ancestral genome of Arabidopsis
underwent several rounds of duplication resulting in the presence
of at least six genes of this family [59,70]. Telomere lengthening
associated with TRFL deﬁciency in Arabidopsis, rice, and tobacco
is analogous to deﬁciency of TRF1 in mammals or Taz1 in S. pombe.
However, the absence of plant proteins is less detrimental for telo-
mere function and survival of the organism than lack of TRF1 or
Taz1. Even the growth retardation observed in rice rtbp1 mutants
is relatively mild in comparison to the embryonic lethality of
TRF1 or TRF2 knock-out mice. Therefore, it is likely that the list
of proteins that bind duplex telomeric DNA in plants is far from
complete, and proteins essential for the assembly of telomeric
chromatin remain to be discovered.
5. POT1 proteins
Another evolutionarily conserved component of shelterin is
POT1. POT1 proteins are characterized by two oligosaccharide/oli-
gonucleotide binding motifs (OB-fold) at the N-terminus thatmediate interaction with G-rich single stranded telomeric DNA.
POT1 is thought to fulﬁl its function through direct association
with the telomeric G-strand, while interaction with TPP1 and the
shelterin complex may facilitate its efﬁcient recruitment to telo-
meres. Pot1 is absolutely essential for telomere protection in ﬁs-
sion yeast and its inactivation leads to a rapid loss of telomeric
DNA [71]. In vertebrates, POT1 represses ATR dependent DNA dam-
age signaling presumably by preventing RPA binding to single-
stranded telomeric DNA [72,73]. The POT1-TPP1 heterodimer has
also been proposed to regulate telomerase activity in both a posi-
tive and negative manner [74,75]. Interestingly, while the majority
of mammalian species, including human, have only one POT1 gene,
rodent genomes contain two closely related POT1 paralogs. These
genes partially diverged in their functions; POT1a is more impor-
tant for inhibiting the DNA damage response while POT1b protects
the telomeric C-strand from resection [76].
POT1 homologs have also been identiﬁed in plants. Arabidopsis
encodes three POT1 proteins – POT1A, POT1B and POT1C
[41,77,78]. The Arabidopsis POT1 proteins are structurally and
functionally more divergent than their mouse counterparts. While
POT1B and POT1C are implicated in chromosome end protection,
POT1A is associated with telomerase and is required for telomere
synthesis. The telomere capping role of POT1B was inferred from
an experiment in which a C-terminal truncated version of the
POT1B protein harboring only the N-terminal OB domains was ex-
pressed in wild-type plants [77]. Expression of the truncated pro-
tein led to stunted growth in combination with telomere
shortening and genome instability. In contrast to non-plant POT1
proteins, Arabidopsis POT1B does not bind single stranded telo-
meric DNA in vitro [79]. Hence, the protective function of POT1B
may not require direct interaction with DNA and it may be teth-
ered to telomeres through other proteins. An attractive candidate
is POT1C that has also been suggested to play a role in chromo-
some end protection [80]. Arabidopsis POT1A does not appear to
play any role in telomere protection, but instead acts as a positive
regulator of telomerase. Plants expressing a truncated allele of
POT1A lacking the N-terminal OB motifs have, on average, 1–
1.5 kb shorter telomeres [77], and the complete absence of POT1A
results in an ever shorter telomeres (EST) phenotype, identical to
the inactivation of telomerase [41]. Telomeres in pot1a mutants
shorten at the same rate as telomeres in tert mutants and genetic
analysis revealed that POT1A and telomerase act in the same path-
way. Furthermore, POT1A interacts with telomerase in vivo. This
interaction may be mediated either through direct binding to TERT
or the RNA subunit of telomerase [34,41] (D. Shippen, personal
communication). Chromatin IP showed that POT1A associates with
telomeres only transiently during S-phase, suggesting that POT1A
acts as a recruitment factor that brings telomerase to G-overhangs.
However, POT1A does not bind to single stranded telomeric DNA in
vitro, and hence, an additional bridging protein would be required
for this function. Alternatively, POT1A may have a direct stimula-
tory role on the enzymatic activity of telomerase RNP. This view
is supported by the observation of reduced telomerase activity in
Arabidopsis pot1a mutants [41].
The data in Arabidopsis suggests that the duplication of POT1
genes in the plant lineage led to a well deﬁned functional diversi-
ﬁcation among POT1 paralogs, with POT1B playing a predominant
role in chromosome end protection, while POT1A is exclusively in-
volved in telomerase regulation. However, this division of labor
must have occurred relatively recently as only one POT1 gene
was found in the genomes of many land plants, including papaya,
which diverged from the lineage leading to Arabidopsis 70 Mya
[70,80]. Duplication of the POT1 genes was estimated to occur
34 Mya, when the last common ancestor of the Brassicaceae family
underwent a whole genome duplication. Evolution of the Arabid-
opsis POT1 proteins represents an extraordinary example of rapid
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conserved chromosome end protection machinery.6. The CST complex
Budding yeast lack POT1, and the CST complex is the major G-
overhang binding complex that performs essential function in telo-
mere protection and replication. CST is a heterotrimeric complex
that, in S. cerevisiae, consists of Cdc13p and two associated single
OB-fold proteins, Stn1 and Ten1. These three proteins form an
RPA like particle that speciﬁcally binds to telomeric G-overhangs
to provide telomere protection [81,82]. Mutations in any compo-
nent of the CST complex are lethal due to massive degradation of
the telomeric C-strand and telomere dysfunction [83–85]. Cdc13p
plays a central role in telomere metabolism as it recruits either the
telomerase RNP or the Stn1/Ten1 heterodimer to the G-overhang.
In addition, Cdc13p and Stn1p physically and functionally interact
with primase, suggesting a role for the CST complex in synthesis of
the telomeric C-strand [86].
Initially, it was believed that the CST complex was unique to
budding yeast and that other organisms primarily use POT1 to
mediate G-overhang protection. However, identiﬁcation of Stn1
and Ten1 homologs in ﬁssion yeast suggested that the telomeric
function of CST is evolutionarily more conserved than was origi-
nally thought [87]. S. pombe Stn1/Ten1 colocalize with Pot1 and
strains deﬁcient for either Stn1 or Ten1 exhibited pot1-like pheno-
types; namely, rapid degradation of telomeric DNA and chromo-
some circularization. Despite these similarities, Pot1 does not
appear to substitute for Cdc13 in ﬁssion yeast because it does
not interact with Stn1/Ten1 [87]. Using the yeast sequence as a
query, Stn1 homologs were also found in Arabidopsis and humans
[88,89]. These studies indicated a widespread distribution of the
CST complex in all branches of eukaryotic life, but the homology
searches did not reveal genes orthologous to Cdc13. Two different
approaches led to the identiﬁcation of functional counterparts of
Cdc13 in these organisms. A forward genetic screen in Arabidopsis
identiﬁed a mutant that displayed telomere deprotection pheno-
types such as chromosome end-to-end fusions and aberrant telo-
meric recombination [3]. Genetic mapping led to a locus
encoding a 142 kDa protein that was named Conserved Telomere
Maintenance Component 1 (CTC1). This protein interacts with
STN1 and harbors two C-terminal OB-folds with homology to
RPA70 and an N-terminal OB-fold remotely related to POT1 pro-
teins. The Arabidopsis STN1/CTC1 complex co-localizes with telo-
meres, but it remains to be established whether this occurs
through direct association with G-overhangs [3,88]. PSI-BLAST
using Arabidopsis CTC1 uncovered homologous proteins in many
vertebrates, including human. In a parallel study, human CTC1
was found as a protein associated with STN1 [89]. Human CTC1
forms a trimeric complex with STN1/TEN1, but in contrast to yeast
CST, this complex does not exhibit increased in vitro binding afﬁn-
ity to the telomeric G-strand.
Interestingly, the consequences of CTC1 and STN1 dysfunction
in human cells and Arabidopsis are not as dramatic as in yeast. Hu-
man cells in which CTC1 or STN1 are downregulated by siRNA ex-
hibit accumulation of single stranded telomeric DNA and in some
experimental settings also increased the frequency of dysfunc-
tional telomeres [3,89]. While the relatively mild phenotypes in
human cells may be due to the presence of residual proteins in siR-
NA experiments, genetic analysis in Arabidopsis showed that the
CST complex, while important for proper telomere maintenance,
is not absolutely essential for survival. Phenotypes associated with
CTC1 and STN1 gene disruptions are very similar and include telo-
mere shortening, long G-overhangs, chromosome end-to-end fu-
sions, and aberrant telomeric recombination that is manifestedby excision of extrachromosomal telomeric circles (t-circles)
[3,88]. Nevertheless, Arabidopsis stn1 and ctc1 mutants are still
alive and even semifertile, and these phenotypes do not worsen
in ctc1 stn1 double mutants. Thus, unlike in yeast, other compo-
nents of telomeric chromatin are likely to provide sufﬁcient chro-
mosome end protection to support plant viability. The obvious
candidates are the POT1 proteins as suggested by the synergistic
effect of POT1 and STN1 downregulation on telomere protection
in human cell lines [89]. CST may also act in a partially redundant
manner with RPA. Arabidopsis possesses several paralogous genes
for each RPA subunit and this genetic redundancy allows isolation
of viable mutants. A role for the Arabidopsis RPA complex in telo-
mere metabolism is supported by the observation that plants car-
rying a mutation in the RPA70a gene have longer telomeres [90].7. DNA repair proteins
Although the major function of telomeres is to restrict DNA re-
pair activities at chromosome termini, many proteins involved in
DNA double strand break (DSB) repair and signaling are present
at telomeres. It has been suggested that transient recognition of
a telomere as a DSB during or immediately after DNA replication
is important for both telomere extension by telomerase and forma-
tion of the proper telomere capping structure [91,92]. DSB recogni-
tion and initiation of a DNA damage response largely relies on the
MRN/X (Mre11/Rad50/Nbs1 in mammals and Mre11/Rad50/Xrs2
in yeast) complex and the ATM kinase. Studies in yeast indicate
that this signaling pathway promotes extension of telomeres, pre-
sumably by enhancing recruitment and processivity of telomerase
at the shortest telomeres [93,94]. MRN/X is also implicated in
nucleolytic processing of telomeres to generate G-overhangs
[95,96].
The MRN complex as well as the ATM and ATR kinases appear to
be vital for telomere function in plants as well. Arabidopsis lacking
RAD50 or MRE11 are viable, but exhibit various genome instabili-
ties that include chromosome end-to-end fusions [97,98]. Unlike in
yeast, lack of MRN in Arabidopsis does not alter overall telomere
length homeostasis. However, cytogenetic analysis indicates a
massive loss of telomeric sequence on chromosome termini in-
volved in fusions [97]. Absence of telomerase further exacerbates
the occurrence of chromosome end-to-end fusions in rad50 mu-
tants. Chromosome end-to-end fusions spontaneously occurring
without any obvious change in telomere length were also observed
in atm atr double mutant plants [99]. Interestingly, genetic interac-
tions with telomerase revealed distinct functions for ATM and ATR
at telomeres. While telomeres in atr tert double mutants under-
went accelerated attrition, which was accompanied by an early on-
set of genome instability, the rate of telomere shortening in atm
tert mutants was unaltered. Nevertheless, these plants still exhib-
ited an earlier onset of telomere-dysfunction associated develop-
mental defects. Strikingly, these growth defects could be linked
to a single critically shortened telomere that was involved in the
majority of fusions, while other telomeres appeared to be func-
tional. It was proposed that the short telomere was generated by
a rare deletion event that would be normally eliminated. However,
the absence of an ATM-dependent checkpoint allowed propagation
of the affected cells through the germline, which had detrimental
consequences for the following generations [100]. Another DNA re-
pair complex whose mutation enhances genome instability in the
absence of telomerase is the structure speciﬁc nuclease XPF/ERCC1.
Inactivation of Arabidopsis XPF (RAD1) or ERCC1 in late generation
telomerase mutants leads to formation of large extrachromosomal
fragments that are proposed to arise from recombination between
dysfunctional telomeres and interstitial telomeric sequences lo-
cated mainly in the vicinity of centromeres [101]. These data sup-
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in which the XPF/ERCC1 nuclease prevents ectopic recombination
by removing 30 G-overhangs from dysfunctional telomeres [102].
One of the most enigmatic DNA repair components of telomeric
chromatin is Ku, a heterodimer consisting of the Ku70 and Ku80
subunits. Ku acts in early steps of the non-homologous end joining
(NHEJ) DNA repair pathway where it binds and stabilizes broken
chromosome ends and facilitates their ligation. Paradoxically,
although fully protected telomeres suppress NHEJ activity, Ku is
an intrinsic part of telomeric chromatin and its function is required
for many aspects of telomere metabolism [103,104]. Ku plays a
dual role at telomeres in S. cerivisiae: it suppresses nucleolytic
resection of the 30 chromosome end and promotes recruitment of
telomerase to telomeres [105–107]. Mouse Ku knock-out strains
exhibit telomere length deregulation, chromosome end-to-end fu-
sions and accelerated aging [108,109]. The consequence of Ku dys-
function was also studied in plants. Disruption of KU70 or KU80
genes in Arabidopsis leads to telomerase dependent telomere elon-
gation, but not to any adverse effects on genome stability or plant
growth and development [110–113]. However, concomitant inacti-
vation of Ku and telomerase leads to accelerated telomere shorten-
ing and early onset of genome instability. This rapid loss of
telomeric DNA is attributed to nucleolytic resection of 50 chromo-
some ends and to an increased frequency of telomere rapid dele-
tion (TRD) events that can be inferred from a high level of t-
circles in Ku deﬁcient plants [112,114]. Excision of t-circles is as-
sumed to be a consequence of aberrant intrachromatid recombina-
tion and/or t-loop resolution. Further evidence supporting this
suggestion comes from experiments that analyzed long-term sur-
vival of telomerase deﬁcient cells. While yeast and animal cell lines
overcome telomere attrition due to the absence of telomerase by
employing a recombination mechanism for telomere maintenance
(ALT, alternative lengthening of telomeres), ALT cells were never
detected in Arabidopsis TERT deﬁcient cell cultures [115,116].
However, ALT was efﬁciently activated in cell lines derived from
tert ku70 mutants [114,116]. Thus, supression of recombination
may be a key function of Ku at Arabidopsis telomeres. Interest-
ingly, massive t-circle excision has recently been shown to be
responsible for lethal loss of telomeric DNA in human cells in
which both KU80 alleles were disrupted by targeted deletions
[117]. While TRD is often observed in mutant backgrounds, it also
occurs with high frequency in wild type plants with dramatically
elongated telomeres. A measurable frequency of TRD has also been
detected at telomeres within the wild type length range, suggest-
ing that TRD can also function as a telomere length regulator [37].8. Conclusions
On the surface, telomeres look like a highly conservedmolecular
structure. However, comparative studies across multiple model
organisms revealed that the exact means by which organisms have
adapted this machinery to achieve chromosome end protection and
replication varies, in some cases remarkably. Recent progress in
plant telomere research highlights several such examples. Among
the most striking is the ﬁnding that while plant genomes possess
POT1-like proteins, most of them have lost telomeric DNA binding
activity [80]. The Arabidopsis POT1A protein may instead be a part
of the telomerase complex. POT1A deﬁciency leads to an ever short-
er telomeres phenotype (EST), typical for mutants lacking the TERT
or TR subunits of telomerase. Mutations in other genes resulting in
EST phenotypes, have so far only been found in budding yeast (EST1,
EST3, CDC13) [118,119], worms (MRT-2) [120] and Arabidopsis
(POT1A) [41]. Interestingly, these genes are structurally unrelated,
indicating that the pathways regulating telomerase activity at telo-
meres may be, in evolutionary terms, very ﬂexible.On the other hand, many evolutionarily conserved proteins may
provide essentially the same molecular function at telomeres, but
their deﬁciency may have very different consequences depending
on the organisms. Good examples are CST and Ku, which are re-
quired for protection of the telomeric C-strand in yeast and Arabid-
opsis. While the CST complex is essential in yeast, its inactivation
in Arabidopsis and human cells produces much milder phenotypes
[3,88,89]. This is likely due to additional mechanisms, such as t-
loop formation, that may play a primary capping function in higher
eukaryotes, whereas protection via CST is the predominant path-
way in yeast. Remarkably, Cdc13p is dispensable in budding yeast
that maintain telomeres through recombination, which further
underscores the ﬂexibility in utilization of chromosome end cap-
ping pathways [121]. Deﬁciency in Ku also results in dramatically
different outcomes for viability in Arabidopsis and humans,
although the key telomeric function of Ku in both organisms is to
inhibit t-circle excision [114,117]. In human cells, t-circle excision
results in extremely rapid loss of telomeric DNA. In Arabidopsis
this process is efﬁciently counteracted by telomerase, whose activ-
ity is further enhanced in the absence of Ku. Nevertheless, the re-
cent characterization of Ku deﬁcient rice indicates that additional
factors besides telomere extension by telomerase are likely impor-
tant as well. While both Arabidopsis and rice Ku deﬁcient plants
have elongated telomeres, Arabidopsis plants are healthy whereas
rice mutants exhibit growth retardation caused by aberrant telo-
mere function [122]. It will be interesting to determine which fac-
tors modulate this distinct response to Ku dysfunction.
While the basic details of plant telomeres are becoming clearer,
much still remains unknown. The top priority for the near future is
to determine the composition of the plant shelterin complex. The
best candidates for TRF homologs are AtTBP1 in Arabidopsis, RTBP1
in rice, and NgTRF1 in tobacco. However, the phenotypes associ-
ated with mutations in these genes are not as severe as expected
for depleting the major telomere binding complex. Thus, while
the high degree of conservation in telomere structure predicts
the existence of TRF couterparts in plants, the examples of rapid
functional diversiﬁcation discussed in this review suggest that
non-TRF related proteins should not be excluded from the list of
putative candidates. Regardless of the proteins that will eventually
be found at plant telomeres, the knowledge and experience gained
in their identiﬁcation and research into the mechanisms by which
they function will certainly provide insight not only into the telo-
mere biology of plants, but telomere biology in general.
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